Background: Two major NADPH dehydrogenase complexes, NDH-1L and NDH-1M, have been identified in cyanobacteria. Results: NdhP is localized in the NDH-1L complex, and absence of this subunit or its C-terminal tail disassembled NDH-1L to NDH-1M. Conclusion: C terminus of NdhP is essential to stabilize the NDH-1L complex. Significance: Our results provide novel insights into the assembly and stabilization of NDH-1L complex.
plexes are localized in the thylakoid membrane (1-5) and participate in a variety of bioenergetic reactions, such as respiration, cyclic electron transport around photosystem I, and CO 2 acquisition (6 -8) . Structurally, the cyanobacterial NDH-1 complexes closely resemble energy-converting complex I in eubacteria and the mitochondrial respiratory chain regardless of the absence of homologues of three subunits in cyanobacterial genomes that constitute the catalytically active core of complex I (9 -11) . Over the past few years, significant achievements have been made in resolving the subunit compositions and functions of the multiple NDH-1 complexes in several cyanobacterial strains (12) (13) (14) (15) . Four types of NDH-1 have been identified in the cyanobacterium Synechocystis sp. strain PCC 6803 (hereafter Synechocystis 6803), and all four types are involved in NDH-1-dependent cyclic electron transport around photosystem I (NDH-CET) (16) . The NDH-CET allows optimal functioning of photosynthesis by increasing the pH gradient and supplying extra ATP for CO 2 assimilation. This function would be particularly important under environmental stress conditions, such as high light (5, 17, 18) , in which the ATP demand is greatly increased. Moreover, the impairment of cyanobacterial NDH-CET caused by mutation of Ndh subunits would result in high light-sensitive growth phenotypes. Therefore, high light strategy can help in identifying the proteins essential to NDH-CET.
Proteomics studies revealed the presence of two major NDH-1 complexes in cyanobacteria: a large complex (NDH-1L), and a medium size complex (NDH-1M) with molecular masses of about 460 and 350 kDa, respectively (19) . NDH-1M consists of 16 subunits, i.e. those constituting a membrane-* This work was supported in part by National Natural Science Foundation of embedded arm (NdhA to NdhC, NdhE, NdhG, NdhL, NdhP, and NdhQ) and a hydrophilic connecting domain (NdhH to NdhK, NdhM to NdhO, and NdhS). In addition to these subunits, NDH-1L complex contains NdhD1 and NdhF1 (15, 20 -22) . NDH-1S is another complex of about 200 kDa composed of NdhD3, NdhF3, CupA, and CupS (13) . This complex is considered to be associated with NDH-1M in the cells as a functional complex NDH-1MS (3, 22) participating in CO 2 uptake and is easily dissociated into NDH-1M and NDH-1S during solubilization of the membranes with detergent (12) (13) (14) (15) . Among the several copies of ndhD and ndhF genes found in cyanobacterial genomes, ndhD1 and ndhF1 show the highest homology to chloroplast ndhD and ndhF genes, respectively, and CupA and CupS subunits of the cyanobacteria have no counterparts in higher plants.
Recently, a new oxygen photosynthesis-specific small subunit NdhP was identified in Thermosynechococcus elongatus (23) . Deletion of ndhP in Synechocystis 6803 led to the cells unable to grow under photoheterotrophic conditions (24) . It was suggested that NdhP is involved in the respiratory and cyclic electron flows, but the role of this subunit is not known. We demonstrate in this study that NdhP is exclusively confined to the NDH-1L complex and absence of its C-terminal tail destabilizes the complex, thereby impairing respiration and NDH-CET activities. A possible role of the C terminus of NdhP in stabilizing the NDH-1L complex is discussed.
EXPERIMENTAL PROCEDURES
Culture Conditions-Glucose-tolerant strain of wild type (WT) Synechocystis 6803 and its mutants, ⌬ndhP, ndhP ⌬C , and ⌬ndhB (M55) (6) and WT-NdhP-YFP-His 6 , ⌬ndhS-NdhP-YFP-His 6 , ⌬ndhD1/D2 (⌬D1/D2)-NdhP-YFP-His 6 , and M55-NdhP-YFP-His 6 were cultured at 30°C in BG-11 medium (25) buffered with Tris-HCl (5 mM, pH 8.0) and bubbled with 2% (v/v) CO 2 in air. Solid medium was BG-11 supplemented with 1.5% agar. The mutant strains were grown in the presence of appropriate antibiotics under illumination by fluorescence lamps at 40 E m Ϫ2 s Ϫ1 .
Isolation and Construction of Mutants-A cosmid library of Synechocystis 6803 genome was constructed. The library that contained 10 5 clones with inserts of 35-38.5 kb was subjected to in vitro transposon mutagenesis using EZ-Tn5 TM ͗KAN-2͘ insertion kit (Epicenter Biotechnologies, Madison, WI) and was then used to transform the WT cells of Synechocystis 6803. Following transformation, cells were spread on 1.5% BG-11 agar plates (5 g of kanamycin ml Ϫ1 ), and Kam R mutants that grew slowly under high light but normally under growth light were isolated. Genomic DNA isolated from each mutant was digested with HhaI, and after self-ligation, it was used as a template for inverse PCR with primers (supplemental Table 1) complementary to the N-and C-terminal regions of the Kam R cassette. The exact position of the cassette in the mutant genome was determined by sequencing the PCR product.
⌬ndhP and ndhP ⌬C mutants were constructed as follows: (i) The upstream and downstream regions of sml0013 (ndhP) were amplified by PCR creating appropriate restriction sites. A DNA fragment encoding a kanamycin resistance (Kam R ) cassette was also amplified by PCR creating XbaI and KpnI sites using PCR primers, ndhP-C and -D (supplemental Table 1 ). These three PCR products were ligated into the MCS of pUC19 ( Fig. 2A ) and was used to transform the WT cells to generate the ⌬ndhP mutant. (ii) A fragment that contains sml0013 (ndhP), except the C-terminal region (Lys-24 to His-40, see Fig. 5 ) and its upstream region, was amplified by PCR creating PstI and XbaI sites and was ligated to MCS of pUC19 together with the two PCR products obtained in (i). The plasmid thus constructed was used to transform the WT cells to create the ndhP C-terminal deletion mutant, ndhP ⌬C ( Fig. 2A) . The transformants were spread on agar plates containing BG-11 medium and kanamycin (10 g ml Ϫ1 ) buffered at pH 8.0, and the plates were incubated in 2% (v/v) CO 2 in air under illumination by fluorescent lamps at 40 E m Ϫ2 s Ϫ1 . The mutated ndhP and its C-terminal tail in the transformants were segregated to homogeneity (by successive-streak purification) as determined by PCR amplification and RT-PCR analysis (Fig. 2, B and C) .
A DNA fragment containing ndhP and its upstream region was amplified by PCR creating a KpnI site on both ends and was ligated to the KpnI site in MCS of the pEYFP-His 6 -Sp R plasmid (26) . A fragment containing the downstream region of ndhP was also amplified by PCR creating EcoRI and SpeI sites and was ligated to the downstream of the Sp R gene (Fig. 6A ). The vector thus constructed was used to transform the WT, ⌬ndhS, ⌬D1/D2, and M55 cells of Synechocystis 6803 to generate the WT-NdhP-YFP-His 6 , ⌬ndhS-NdhP-YFP-His 6 , ⌬D1/ D2-NdhP-YFP-His 6 , and M55-NdhP-YFP-His 6 mutant strains. The transformation was performed as described previously (27, 28) . The yfp and his6 region in the transformants was segregated to homogeneity (by successive-streak purification) as determined by PCR amplification (Figs. 6B and 7D).
RNA Extraction and RT-PCR Analysis-Total RNA was isolated and analyzed as described previously (29) . RT-PCR was performed using the Access RT-PCR system (Promega) to generate products corresponding to ndhP, ndhP NϩTM , ndhP C , and 16 S rRNA, with 0.5 g of DNase-treated total RNA as starting material. RT-PCR conditions were 95°C for 5 min followed by cycles of 95, 62, and 72°C for 30 s each. The reactions were stopped after 25 cycles for 16 S rRNA, and after 35 cycles for ndhP, ndhP NϩTM and ndhP C . The primers used are summarized in supplemental Table 1 .
Chlorophyll Fluorescence and P700 Analysis-The transient increase in chlorophyll fluorescence after actinic light had been turned off was monitored as described (30) . The redox kinetics of P700 was measured according to previously described methods (5, 18) . The re-reduction of P700 ϩ in darkness was measured with a Dual-PAM-100 (Walz, Effeltrich, Germany) with an emitter-detector unit ED-101US/MD by monitoring absorbance changes at 830 nm and using 875 nm as a reference. Cells were kept in the dark for 2 min, and 10 M of DCMU was added to the cultures prior to the measurement. The P700 was oxidized by far-red light with a maximum at 720 nm from LED lamp for 30 s, and the subsequent re-reduction of P700 ϩ in the dark was monitored.
Isolation of Crude Thylakoid Membranes and Total Mem branes-The cell cultures (5 liters) were harvested at the logarithmic phase (A 730 ϭ 0.6 -0.8) and washed twice with 50 ml of fresh BG-11 medium and then thylakoid membranes were iso-lated according to Gombos et al. (31) with some modifications as follows. Cells were suspended in 5 ml of disruption buffer (10 mM HEPES-NaOH, 5 mM sodium phosphate, pH 7.5, 10 mM MgCl 2 , 10 mM NaCl, and 25% glycerol (v/v)) and, after adding zirconia/silica beads, broken by vortexing 15 times at the highest speed for 20 s at 4°C with 5 min cooling on ice between the runs. The crude extract was centrifuged at 5,000 ϫ g for 5 min to remove the glass beads and unbroken cells. The supernatant was centrifuged at 20,000 ϫ g for 30 min to precipitate crude thylakoid membranes or at 150,000 ϫ g for 40 min to obtain total membranes, which were resuspended in storage buffer (20 mM potassium phosphate, pH 7.5).
Determination of NdhP Topology-Tryptic proteolysis experiment was done according to Zhang et al. (32) . Crude thylakoid membranes isolated as described above were suspended in 50 mM HEPES-KOH, pH 7.5, 5 mM MgCl 2 , 10 mM NaCl, and 600 mM sucrose at a final protein concentration of 2.5 mg/ml. Samples were digested on ice for 30 min in the presence of trypsin solution (Promega, Madison, WI). The final concentration of trypsin was 50 g/ml. The treatments were terminated by adding an equal volume of Laemmli sample buffer and immediately heated at 65°C for 5 min.
Aqueous Polymer Two-phase Partitioning of Plasma and Thylakoid Membranes-Plasma and thylakoid membranes were isolated from Synechocystis 6803 cells by aqueous polymer two-phase partitioning. In this process, the total Synechocystis 6803 membrane pellet (isolated as described above) was fractionated by two-phase partitioning using the polymers dextran T-500 and PEG 3350 (33, 34) . CP43 and SbtA proteins were used as markers of the purity of the thylakoid and the plasma membranes, respectively (3, 33) .
Electrophoresis and Immunoblotting-Blue native (BN)-PAGE of Synechocystis 6803 membranes was performed as described previously (35) with slight modifications (5, 18) . Isolated membranes were prepared for BN-PAGE as follows. Membranes were washed with 330 mM sorbitol, 50 mM BisTris, pH 7.0, and 0.5 mM PMSF (Sigma) and resuspended in 20% glycerol (w/v), 25 mM BisTris, pH 7.0, 10 mM MgCl 2 , 0.1 unit RNase-free DNase RQ1 (Promega, Madison, WI) at a chlorophyll a concentration of 0.3 mg ml Ϫ1 and 0.5 mM PMSF. The samples were incubated on ice for 10 min, and an equal volume of 3% n-dodecyl ␤-D-maltoside (DM) was added. Solubilization was performed for 40 min on ice. Insoluble components were removed by centrifugation at 18,000 ϫ g for 15 min. The collected supernatant was mixed with 0.1 volume of sample buffer, 5% Serva Blue G, 100 mM BisTris, pH 7.0, 30% sucrose (w/v), 500 mM ⑀-amino-n-caproic acid, and 10 mM EDTA. Solubilized membranes were then applied to a 0.75-mm-thick, 5-12.5% acrylamide gradient gel (Hoefer Mighty Small mini-vertical unit; San Francisco, CA). Samples were loaded on an equal chlorophyll a basis per lane. Electrophoresis was performed at 4°C by increasing the voltage gradually from 50 to 200 V during the 5.5-h run. Several lanes of the BN gel were cut out and incubated in Laemmli SDS sample buffer containing 5% ␤-mercaptoethanol and 6 M urea for 1 h at 25°C. SDS-PAGE of Synechocystis 6803 crude thylakoid membranes was carried out on 12% polyacrylamide gel with 6 M urea as described earlier (36) .
For immunoblotting, the proteins were electrotransferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Millipore, Bedford, MA) and detected by protein-specific antibodies using an ECL assay kit (Amersham Biosciences) according to the manufacturer's protocol. The NDH-1 complexes were detected using the antibodies against NdhA, NdhH, NdhI, NdhK, and NdhM, respectively, which were previously raised in our laboratory (30) . Antibody against SbtA was provided from Professor Teruo Ogawa (Bioscience Center, Nagoya University). Antibody against His was purchased from Shanghai Immune Biotech Co., Ltd., and antibodies against GFP, photosystem II subunits (PsbA, PsbO, and CP43), and a photosystem I subunit (PsaD) were purchased from Agrisera Co. (Cännäs, Sweden). Yeast Two-hybridization-Yeast two-hybridization was performed using the LexA system (Clontech). PCR-amplified ndhP-, ndhP NϩTM -, ndhP C -, and ndhI-encoding fragments were cloned in-frame into EcoRI and XhoI or XhoI sites of pLexA to form the bait construct (primers are shown in supplemental Table 1 ). The fragments containing ndhB, ndhD1, and ndhF1 genes were amplified by PCR and inserted into the EcoRI and XhoI or XhoI sites of pJG4-5 to form the prey construct (primers are shown in supplemental Table 1 ). The bait and prey constructs together with a reporter vector pSH18-34 were cotransformed into yeast strain EGY48 according to the manufacturer's instructions for the Matchmaker LexA two-hybrid system (Clontech). Transformed yeast was diluted and dropped onto synthetic dropout (SD) media, including X-gal, and then was grown at 30°C in darkness as described previously (18) .
Confocal Laser Scanning Microscopy-Cell imaging was observed using a laser scanning confocal microscope (FV1000, Olympus, Japan) with a 100ϫ/1.4 plan apochromat oil immersion objective and with an 80-m confocal pinhole. The argon laser line, 515 nm, and the helium laser line, 543 nm, were used for the excitation of YFP and autofluorescence, respectively. YFP fluorescence emission was selected with a 515-nm dichroic mirror and a bandpass filter of 535-590 nm. Autofluorescence was collected through a 545-nm dichroic mirror and a long pass filter of 560 nm.
Accession Numbers-Sequence data from this article can be found in the cyanobase, GenBank TM (www.ncbi.nlm.nih.gov), or EMBL databases under the following accession numbers: Synechocystis sp. PCC 6803, Syn6803, Sml0013 (NdhP); Microcystis aeruginosa NIES-843, Micro, 190192163; Cyanothece sp. Table 1 ). C, transcript levels of ndhP NϩTM , ndhP C , and ndhP in the WT, ndhP ⌬C , and ⌬ndhP strains. The transcript level of 16 S rRNA in each sample is shown as a control. The absence of contamination of DNA was confirmed by PCR without reverse transcriptase reaction. D, monitoring of NDH-CET activity by chlorophyll fluorescence. E, redox kinetics of P700 after termination of AL illumination (800 E m Ϫ2 s Ϫ1 for 30 s) under a background of FR. F, kinetics of the P700 ϩ re-reduction in darkness after turning off FR in the presence of 10 M DCMU. The chlorophyll a concentration was adjusted to 20 g/ml before measurement, and curves are normalized to the maximal signal. 
RESULTS

Isolation of NDH-CET-defective Mutants-
The NDH-CET has a protective role against high light stress in cyanobacteria (5, 18) and higher plants (17) . Under high light conditions, the growth of NDH-CET-defective mutants, such as ⌬ndhS and ⌬slr1097 mutants, is markedly retarded compared with the wild type (WT) despite similar growth under moderate light irradiation. To screen for NDH-CET-defective mutants, we transformed WT cells with a transposon-bearing library, thus tagging and inactivating many genes randomly, and then cultured the mutant cells under high light conditions. We isolated two mutants, which grew slowly on the plate under high light but similarly to the WT under growth light (Fig. 1A) .
To investigate whether the high light-sensitive growth phenotype of the two mutants resulted from defective NDH-CET, we monitored the post-illumination rise in chlorophyll a fluorescence, which is extensively used to monitor NDH-CET activity in cyanobacteria (5, 18, 30, 37, 38) and higher plants (39 -48) . As shown in Fig. 1B , the NDH-CET activity in both mutants was lower than that in the WT as judged by the height and relative rate of post-illumination increase in chlorophyll fluorescence. The results indicate that NDH-CET is impaired in mutants 1 and 2.
To identify the genes inactivated by transposon tagging, we analyzed the sites of transposon insertion in both mutants. As shown by the PCR results (Fig. 1C) , both mutants were tagged in the same gene sml0013 (ndhP). The transposon insertion occurred at position 3188117 of the Synechocystis 6803 genome (49) . This implies that inactivation of ndhP impairs NDH-CET activity, as suggested recently by Schwarz et al. (24) .
Deletion of ndhP Impairs NDH-CET Activity-To confirm that inactivation of ndhP impairs NDH-CET activity, we replaced the entire ndhP coding region with a kanamycin resistance marker (Kam R ) ( Fig. 2A) . PCR analysis of the ndhP locus confirmed complete segregation of the ⌬ndhP mutant allele (Fig. 2B) . Transcript analysis using a specific primer pair for the ndhP-encoding gene (see supplemental Table 1) demonstrated the absence of gene product in the mutant (Fig. 2C) . As expected, the NDH-CET activity, as measured by the post-illumination increase in chlorophyll fluorescence, was lower in ⌬ndhP than in the WT. However, the activity remained relatively high compared with the M55 mutant (Fig. 2D) . A similar result was obtained by measuring the oxidation of P700 by FR after AL illumination. When AL was turned off after a 30-s illumination by AL (800 E m Ϫ2 s Ϫ1 ) supplemented with FR, P700 ϩ was transiently reduced by electrons from the plastoquinone pool, and subsequently P700 was reoxidized by background FR. Operation of the NDH-1 complexes, which transfer electrons from the reduced cytoplasmic pool to plastoquinone, hinders the reoxidation of P700 (5, 18, 39) . The reoxidation of P700 was evidently faster in ⌬ndhP compared with the WT but was much slower than in M55 ( Fig. 2E ). We also measured the NDH-CET by monitoring the reduction rate of P700 ϩ in darkness after illumination of cells with FR light. The re-reduction of P700 ϩ was markedly slower in ⌬ndhP compared with that in the WT, although it was still faster than in M55 (Fig. 2F ). Furthermore, the growth of ⌬ndhP under high light intensities was evidently slower than the WT despite similar growth under growth light (data not shown). Taking all these results together, we can conclude that deletion of ndhP impairs NDH-CET activity.
NdhP Is Required for Stabilization of NDH-1L Complex-To reveal how deletion of ndhP impairs NDH-CET activity, we separated NDH-1L and NDH-1M complexes from thylakoid membranes of the WT, ⌬ndhP, and M55 strains and deduced the amount of these complexes from the density of NdhH, NdhI, NdhK, and NdhM bands visualized by Western analyses. Deletion of ndhP did not influence the abundance of NDH-1 subunits in the thylakoid membranes (Fig. 3A) . However, the deletion decreased the amount of NDH-1L complex and increased that of NDH-1M complex (Fig. 3, B and C) . These results indicate that treatment of the thylakoid membrane of the ⌬ndhP mutant by DM on ice disassembled the NDH-1L complex to form the NDH-1M complex, possibly by removing NdhD1 and NdhF1 or it was already disassembled in the cells. However, only about half of the NDH-1L complex was disassembled on ice, and the rest was decomposed into small pieces without forming NDH-1M during incubation with DM at room temperature ( Fig. 4, D-F) . The disassembling of NDH-1L to NDH-1M and decomposition to small pieces occurred even in the WT when thylakoid membrane was treated with DM at room temperature. However, NDH-1L was stable on ice, and the thermal collapse of the complex was much slower in the WT than in the ⌬ndhP mutant ( Fig. 4, A-F ). It appears that there are two types of NDH-1L complex; one disassembled to NDH-1M even on ice in the absence of NdhP and the other structurally more stable to the DM treatment but decomposed to small pieces at room temperature. NdhP retards the thermal collapse of the complex and plays an important role in stabilizing the NDH-1L complex in Synechocystis 6803.
C-terminal Tail of NdhP Is Located on the Lumen Side-The NdhP protein consists of 40 amino acids and contains a single transmembrane helix (Fig. 5) , as predicted by the TMHMM software. To clarify the localization of NdhP, we constructed a mutant, WT-NdhP-YFP-His 6 , which has a YFP-His 6 tag on the C terminus of NdhP (Fig. 6, A and D) . PCR analysis indicated complete segregation of the tagged gene (Fig. 6B ). Western analysis of the thylakoid membrane from the tagged strain clearly indicated the presence of NdhP-YFP-His 6 (Fig. 6C) . The tagging did not influence the activity of NDH-1 complexes (Fig.  6, E-G) . Plasma membrane (PM) and thylakoid membrane (TM) were isolated from the tagged cells, and their purity was confirmed by Western analysis using antibodies against SbtA and CP43, which cross-reacted with PM and TM, respectively (Fig. 7A ). The NdhP protein as assessed by the protein abundance of YFP and His was detected only in the TM fraction but not in the PM (Fig. 7A ) or soluble (data not shown) fractions. Thus, like other Ndh subunits, NdhP is localized in the thylakoid membranes.
To determine the topology of NdhP, thylakoid membranes from the WT-NdhP-YFP-His 6 cells were subjected to mild digestion with trypsin. NdhP-YFP-His 6 fusion protein was protected from tryptic treatment but was digested after sonication ( Fig. 7B) , similar to the photosystem II subunit PsbO located on the lumen side of the thylakoids. Thus, we may conclude that the C-terminal tail of NdhP is located on the lumen side of the thylakoid membranes.
NdhP Is Confined to NDH-1L Complex-The thylakoid membrane from the WT-NdhP-YFP-His 6 strain was solubilized with DM and subjected to two-dimensional gel analysis (the gel strip obtained by BN-PAGE was subjected to SDS-PAGE in the second dimension). Proteins were transferred onto a PVDF membrane by electroblotting and analyzed using specific antibodies against GFP, His, NdhA, NdhH, NdhI, NdhK, and NdhM. The NdhP-YFP-His 6 protein was present only in the NDH-1L complex (Fig. 7C) . Thus, NdhP is confined exclusively to NDH-1L.
To confirm that NdhP is confined to the NDH-1L complex, NdhP in the ⌬ndhS, ⌬ndhD1/D2 (⌬D1/D2), and ⌬ndhB (M55) mutants was tagged with YFP-His 6 . PCR analysis of the ndhPyfp-his6 locus confirmed the complete segregation of the ndhPyfp-his6 allele in these mutants (Fig. 7D) . Western blot analysis of total protein using GFP and His antibodies demonstrated the expression of NdhP-YFP-His 6 protein in all these mutants (Fig.  7E) , although the amount of NdhP-YFP-His 6 was much lower in the tagged ⌬D1/D2 and M55 mutants. Analysis of NDH-1L FIGURE 6. Construction and characterization of WT-NdhP-YFP-His 6 strain. A, construction of plasmid to generate WT-NdhP-YFP-His 6 mutant. A DNA fragment containing ndhP and its upstream region amplified by PCR was ligated to the KpnI site of the pEYFP-His 6 -Sp R plasmid, and a fragment downstream of ndhP was ligated between EcoRI and SpeI sites. The plasmid thus constructed was used to transform WT cells to generate the tagged mutant. B, PCR segregation analysis of the WT-NdhP-YFP-His 6 mutant using the ndhP-yfp-his6-E and -F primer sequences (supplemental Table 1 ). C, Western analysis of proteins from the WT and WT-NdhP-YFP-His 6 strains using GFP and His antibodies. Total protein corresponding to 1 g of chlorophyll a was loaded onto each lane, and PsaD was detected as a loading control. D, confocal microscopy analysis of WT and WT-NdhP-YFP-His 6 cells. The scale bar indicates 5 M. E, monitoring of NDH-CET activity by chlorophyll fluorescence. F, redox kinetics of P700 after termination of AL illumination (800 E m Ϫ2 s Ϫ1 for 30 s) under a background of FR. G, kinetics of P700 ϩ re-reduction in darkness after turning off FR with a maximum at 720 nm in the presence of 10 M DCMU. The chlorophyll a concentration was adjusted to 20 g/ml before measurement, and curves are normalized to the maximal signal. See "Experimental Procedures" for details. and NDH-1M complexes indicated that NdhP-YFP-His 6 protein was absent in the tagged ⌬D1/D2 and M55 mutants but present in the tagged ⌬ndhS mutant in an amount equivalent to that in the WT (Fig. 7, F and G) . NDH-1L was absent in ⌬D1/D2 and M55 mutants, and NDH-1M was remarkably increased in the ⌬D1/D2 mutant but was absent in M55; however, deletion of ndhS did not affect the amount of these two complexes (Fig.  7G) . It is evident that the NdhP-YFP-His 6 protein is associated with NDH-1L but not with NDH-1M.
When the thylakoid membrane of the WT-YFP-His 6 strain was incubated with DM at room temperature, NDH-1L was broken down gradually to form NDH-1M (Fig. 8) , as was observed with the WT strain ( Fig. 4, A-C) . A band around 160 kDa appeared during breakdown of NDH-1L (Fig. 8D ). This band cross-reacted with the antibody against GFP but not with the antibody against NdhK or NdhM (Fig. 8, B and C) . Thus, NdhP-YFP-His 6 was released from NDH-1L, possibly together with NdhD1 and NdhF1.
C-terminal Tail of NdhP Is Essential for Stabilization of NDH-1L Complex-The C-terminal tail of NdhP is highly conserved among cyanobacteria (Fig. 5) . Recently, Torres-Bacete et al. (50) demonstrated that the C-terminal tail of NdhD1 and NdhF1 from Escherichia coli is required to stabilize the NDH-1 complex. Based on this fact, we assumed that the C-terminal tail of NdhP is also required for stabilization of the NDH-1L complex in Synechocystis 6803.
To test this possibility, we constructed an ndhP C-terminal deletion mutant (ndhP ⌬C ) ( Fig. 2A) . The C-terminal tail of NdhP was completely deleted in the mutant, but its absence did not influence the expression of both N-terminal extension and single transmembrane helix (Fig. 2, B and C) . Absence of the C-terminal tail of NdhP destabilizes the NDH-1L complex (Fig.  3, B and C) , as observed in the ⌬ndhP mutant. This finding was reinforced by the observation of impaired NDH-CET activity and a high light-sensitive growth phenotype of the ndhP ⌬C mutant, similarly to the ⌬ndhP mutant (data not shown). We therefore conclude that the C-terminal tail of NdhP is essential to stabilize the NDH-1L complex.
Interaction of NdhP with NdhD1, NdhF1, and NdhB-Yeast two-hybrid system assay revealed that NdhP interacts with NdhD1, NdhF1, and NdhB (Fig. 9 ). The interaction was absent between N-terminal and transmembrane regions of NdhP (NdhP NϩTM ) and NdhB or between the C-terminal region (NdhP C ) and NdhF1. This suggests that the C terminus of NdhP is in contact with NdhD1 and NdhB but not with NdhF1.
DISCUSSION
Over the past few decades, a significant achievement has been made in identifying the composition and function of subunits from the NDH-1 complexes in cyanobacteria (12) (13) (14) (15) and higher plants (51) (52) (53) . Recently, a new oxygen photosynthesisspecific subunit NdhP was identified in T. elongatus (23) and was suggested to be involved in respiration and NDH-CET in FIGURE 7 . Localization and topology of NdhP. A, Western analyses of the purified thylakoid membrane (TM) and plasma membrane (PM); B, of crude thylakoid membrane before and after treatment with trypsin with or without sonication; and C, of NDH-1L and NDH-1M complexes after separation by two-dimensional gel electrophoresis (BN-PAGE and SDS-PAGE) of DM-solubilized thylakoid membranes. NdhP-YFP-His 6 strain was used in these experiments, and Ndh subunits were probed with specific antibodies against GFP, His, NdhA, NdhH, NdhI, NdhK, and NdhM. Antibodies against CP43 and SbtA were used to check the purity of the TM and PM fractions, respectively. PsbO and PsbA were served as controls for the thylakoid lumenal protein and the intrinsic thylakoid membrane protein, respectively. Identification of NdhP-YFP-His 6 in various ndh mutants at DNA (D) and protein (E) levels. D, PCR segregation analysis of NdhP-YFP-His 6 in WT, ⌬ndhS, ⌬ndhD1/D2 (⌬D1/D2), and M55 having NdhP-YFP-His 6 using the ndhP-yfp-his6-E and -F primer sequences (supplemental Table 1 ). E, Western analysis of total proteins of WT and WT, ⌬ndhS, ⌬D1/D2, and M55 strains having NdhP-YFP-His 6 JULY 4, 2014 • VOLUME 289 • NUMBER 27
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Synechocystis 6803 (24) . However, how NdhP affected the respiratory and cyclic electron flows is poorly understood. Here, we successfully identified the NdhP subunit in Synechocystis 6803 (Fig. 6C ). This subunit is exclusively confined to the NDH-1L complex (Fig. 7, C and G) , and absence of its C-terminal tail destabilizes the complex ( Figs. 3C and 4, E and F) . The NDH-1L complex is involved in respiration and NDH-CET (3), which explains the impairment of these activities in the ⌬ndhP mutant of Synechocystis 6803 ( Figs. 1B and 2 , D-F) (24) .
There are two types of NDH-1L complex in the WT, one dissociated to NDH-1M and possibly NdhD1/NdhF1/NdhP and the other decomposed to small pieces during incubation with DM at room temperature for 30 -60 min (Figs. 4, A-C,  and 8D ). In the ⌬ndhP mutant, dissociation of the former type occurred even on ice and decomposition of the other type occurred much faster than in the WT at room temperature (Fig.  4, D-F) . Evidently, NdhP is essential to stabilize both types of NDH-1L.
NdhP is ubiquitously distributed among cyanobacteria (24), and its counterpart in higher plants is NDF6 ( Fig. 5) (54) . Inactivation of the ndf6 gene resulted in complete impairment of NDH-CET and collapse of the chloroplast NDH-1 complex (54, 55) . In contrast, deletion of ndhP only partially decreased the NDH-CET activity (Fig. 2, D-F) and disassembled NDH-1L complex (Fig. 3C ). This clearly indicates that the role of NdhP on the stability and function of NDH-1 enzyme is significantly different from that of NDF6. This difference was reinforced by the fact that NDF6 of A. thaliana did not rescue the disassembly of NDH-1L complex and the impairment of NDH-CET caused by the deletion of NdhP in Synechocystis 6803 (data not shown). Furthermore, NDF6 is localized in subcomplex B, an exclusive subcomplex for chloroplast NDH-1 (43, 45, 55) . By contrast, NdhP is exclusively localized in NDH-1L complex (Fig. 7, C and  G) , which is a counterpart of subcomplex A and membrane subcomplex in chloroplast NDH-1 (43) . The different localizations of NdhP and NDF6 in NDH-1 complexes may interpret the different effects of these two homologous subunits on the stability of NDH-1 complexes.
In addition to NdhD1 and NdhF1, NdhP is the third exclusive subunit of the NDH-1L complex. The interaction of NdhP with NdhD1 and NdhF1 (Fig. 9 ) suggests that these NDH-1L-spe- . Yeast two-hybrid system for assaying the interaction of NdhP with NdhD1, NdhF1, and NdhB. ndhP, ndhP NϩTM , and ndhP C were constructed into bait vector, whereas ndhD1, ndhF1, and ndhB were contracted into prey vector, respectively. Subsequently, they were transformed into the yeast strain EGY48. Transformed yeast was dropped onto X-gal medium. Blue precipitate represents accumulated ␤-galactosidase activity resulting from the activation of the lacZ reporter gene by protein-protein interaction. The induction plate was incubated at 30°C for 28 h and then photographed. The interaction of NdhA with NdhF1 was assayed as a negative control. At least six independent experiments were performed, and one representative result is shown on each assay. cific subunits are clustered. During room temperature incubation of the thylakoid membrane of the NdhP-YFP-His 6 strain, NDH-1L complex was gradually disassembled into NDH-1M complex (Fig. 8) , and a band with the apparent molecular mass of about 160 kDa containing YFP protein (see green arrow in Fig. 8 ) was released. This band did not contain NdhK and NdhM and most likely consists of NdhP-YFP-His 6 , NdhD1, and NdhF1.
NDH-1M is considered to be associated with NDH-1S in the cells as a functional NDH-1MS complex, which is easily dissociated into NDH-1M and NDH-1S during solubilization of the membranes with DM even on ice (3, 22) . Such instability of the NDH-1MS is consistent with the absence of NdhP in this complex.
Analysis of a crystal structure of the hydrophobic domain of complex I from T. thermophilus showed a long amphipathic helix formed by a C terminus of NuoL (corresponding to cyanobacterial NdhF1) that runs along almost the entire length of the membrane domain (56 -58) . Absence of this long amphipathic helix resulted in a complete collapse of complex I (50) . The C-terminal tail of NdhP extends toward the lumen (Fig. 7B) and is required to stabilize the NDH-1L complex (Fig.  3C ). The C terminus of NdhP but not its N-terminal extension and single transmembrane helix interacts with NdhB ( Fig. 9 ), regardless of the interaction of the N terminus and membrane helix of NdhP with NdhD1 and NdhF1 (Fig. 9 ). This suggests that the C terminus of NdhP may also be involved in stabilizing NdhB, especially in the NDH-1L completely decomposed to small pieces by DM treatment at room temperature. Destabilization of NdhB might result in complete collapse of the complex, as observed in M55 by deletion of NdhB (Fig. 3, A-C) . The C terminus of NdhP also interacts with NdhD1 but not with NdhF1 ( Fig.  9) . We may propose a model of NDH-1L as depicted in Fig. 10 , where NdhP is located between NdhD1 and NdhF1, and the C-terminal tails of NdhP and NdhF1 located on the lumen and cytoplasm sides as shown by the green and pink stripes, respectively, extend to NdhB. This may explain the disassembly of NDH-1L complex in the absence of the C terminus of NdhP.
